IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 4, APRIL 2002 1101

A High-Power and High-GaiX -Band Si/SiGe/Si
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_ Abstract—A double mesa-type Si/SiGe/Si (n-p-n) heterojunction benefit from volume production. To meet the high-speed and
bipolar transistor (HBT) with record output power and power gain  high-frequency requirements with the high level of integration
at X -band (8.4 GHz) is demonstrated. The device exhibits collector for such a system-on-a-chip, the material system has to be

breakdown voltage BV ¢ of more than 24 V and a maximum . . .
oscillation frequeNncy fmax of 37 GHz. Under continuous-wave op- well selected. Devices made from IlI-V materials exhibit

eration and class-AB biasing conditions, 24.2-dBm (263-mw) RF high-speed characteristics and are suitable for high-frequency
output power with concurrent gain of 6.9 dB is measured at the operation. However, the high-cost, low thermal conductivity,

peak power-added efficiency (28.1%) from a single ten-emitter fin- - and poor mechanical strength of these materials have made
gers (780um® emitter area) common-base HBT. The maximum 1o glightly inaccessible for high-level integration. On the

RF output power achieved is as high as 26.3 dBm (430 mW in satu- : . - .
ration) and the maximum collector efficiency is 36.9%. The lowcol- Other hand, the conventional low-cost Si-based devices, in

lector doping concentration together with the device layout result WhiCh.the poor_frequency response is ”mitEd by intri_nSiff Si
in negligible thermal effects across the transistor and greatly sim- material properties, are not suitable for microwave applications.

plifies the large-signal modeling. The conventional Gummel-Poon Fortunately, advances in SiGe-based devices made in recent
model yields good agreement between the modeled and the mea-years have reduced, or removed, the limitations posed by

sured dc characteristics and small-signalS-parameters. The ac- . . . o
curacy of the model is further validated with the measured power conventional Si technology. With the realization of bgif.x

performance of the SiGe power HBT atX -band. These results seta and fr over 100 GHz [1]-{3], SiGe-based devices have demon-
benchmark for power performance for SiGe-based HBTs and indi- strated their suitability for microwave and millimeter-wave
cate promise for their implementation in efficient X -band power-  applications. In addition, the SiGe-based material system,
amplifier circuits. like Si, has the advantages of low cost, maturity of process
Index Terms—Class AB, Gummel-Poon model, HBT, technology, superior thermal conductivity, compatibility with
large-signal modeling, PAE, SiGe. CMOS technology, mechanical stability of substrate, and ease
of high-level integration. In particular, compatibility with
CMOS technology provides the opportunity for integration
of RF/microwave modules with low-frequency circuitry and,
T HE wireless communication market has experiencednce, offers the feasibility of realization of a complete wireless

substantial and rapid growth over the past few years a§§r’stem—on—a—chip.
this growth is expected to continue within the foreseeable p prevailing concern with the SiGe material system has
future. Future wireless communication units will requirgeen jts potential to realize efficient power amplifiers, which
higher speed for faster data transmit rate, higher operatigfe crucial circuit components of RF/microwave transmitters.
frequency to accommodate more channels and users, M@fnpared to field-effect transistors (FETSs), bipolar junction
functionality, light weight, low power consumption, and lowyansistors (BJTs) have a higher current-handling capability
cost. One of the solutions to meet these requirements is gy promise higher voltage operation with better linearity.
concept of a complete wireless system on a chip. Integratifg addition, HBTs usually exhibit high gain even at low bias
receiver, transmitter, and other processing circuits on a Si”@@nditions, which is essential for class-AB and class-B oper-
chip cannot only reduce the volume and weight of a wireleggions. As a result, higher efficiency power amplifiers can be
communication unit significantly, but can also reap the cogialized with these devices. However, since the demonstration
of the highestf,.x in an SiGe HBT [1], the investigation
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operation, is that high output power can only be obtained at thethick and lightly doped collector layer (limited by the Kirk
cost of low power gain [12] and vice versa [13]. Neverthelessffect), is preferred for power HBT design. The maximum col-
a high output power with a concurrent high power gain (hendector thickness, however, should not exceed the collector-side
power-added efficiency (PAE) at a certain class of operatiodgpletion width of the base—collector junction under normal op-
is always required for the implementation of efficient poweerating conditions, as the undepleted portion of the collector
amplifiers. To achieve this goal, the heterostructure and tlayer will lead to parasitic collector resistance. With respect to
device layout have to be well designed with considerations thfe frequency response, a thicker collector layer will result in
thermal effects, breakdown voltagg,..., and output power. a larger delay time when carriers are moving at their saturation
In this paper, we report the design, processing, and charactealocity in the fully depleted collector layer, which constitutes
zation of large-signal Si/SiGe/Si power HBTS, fabricated fronhe largest contribution tegc in the case of a power HBT. If
heterostructures grown by one-step chemical vapor depositibe cutoff frequencyr is used to evaluate the transistor speed, a
(CVD). The devices demonstrate benchmark operation in tere@mpromise has to be made between the requirements of break-
of output power and concurrent power gain. down voltage and speed. Howevgr,. is a better performance

In what follows, the device design and fabrication will be dendicator thanf; in evaluating microwave power devices and,
tailed in Section Il, followed by the description of dc, small-, ands shown in the following, a thick and fully depleted collector
large-signal performance in Section Ill. The large-signal mothyer is usually favorable for largg, .. The total transit time
eling of the device is presented in Section IV and conclusioisexpressed as
are made in Section V.

TEC = TE + 7B + TC + TescL (1)
Il. DEVICE DESIGN AND FABRICATION where
A. Vertical Heterostructure Design Consideration kT
. o . J , ) ¢ =Cpc <T+RE+RC>
The design of an Si/SiGe/Si power HBT includes vertical het- gic
erostructure design, focusing on the determination of thickness, _Esidsc (kT
i : . ~=2— | — +Rg+ Rc (2)
composition, and doping concentration of each layer, and lat- We qlc
eral layout design, which relates to the device active area, s P
pression of heat dissipation, and performance optimization. The
design goal for a power HBT is to achieve high-frequency op- reser = WoscoL ~ We 3)
eration while maintaining high breakdown voltages and high 2v54 v,

current density for high output power. These requirements FRo cutoff frequency
interrelated and an optimal choice has to be made. Regardless
of the fact that the design of base and emitter regions influ- f 1 (4)
ences the HBT performance [14], the design of the collector re-

gion has a more profound effect on the overall performance Qﬁd

a power HBT [15]. Device performance characteristics such as

collector-base avalanche breakdown voltéB& cgo), max- £, .«

imum collector current density.Jc max), Carrier total transit fr 1/2
delay time from emitter to collectdrrc) and base—collector = <W>
junction capacitanc&p¢) are mainly determined by collector THBYRC

thickness and doping concentration. Generally, lighter collector <167TQRBESiABC <TE+TB esidne

layer doping concentration and larger layer thickness result in We wé

higher breakdown voltage and lower maximum collector cur- kT 1 \\ "2
rent density and vice versa. In particular, the maximum current X <qTC+RE+RC> o ))
density that the device can handle is very sensitive to the col- (5)

lector doping concentration, which has to be appropriately se-

lected and well-controlled during growth. A high output powewhereW is the fully depleted collector thicknesdgc is the

can be realized in two ways: either employing a higher breakase—collector junction area, anglis the saturation velocity.

down voltage with a lower current density or employing a lower A collector doping concentration of410'® cm=2 is chosen
breakdown voltage with a higher current density. The forménr this study with the objective of having a large breakdown
also offers the advantage of better output linearity. The lattegltage for a collector thickness of 500 nm. The heterostruc-
in its extreme, can result in excessive heat generation acrag®, as shown in Fig. 1(a), is grown on high-resistivity 4-in Si
the device with a very high and nonuniformly distributed junowafer in one step by CVD. The measured secondary ion mass
tion temperature. Usually, the junction temperature in the censgectroscopy (SIMS) profile of the device is shown in Fig. 1(b).
of the device is higher than that at the edges. The nonunifoffthe maximum boron concentration of 240" cm—3 ensures
temperature distribution deteriorates the power performancedyow base access/spreading resistance. The thickness of the
rendering the center part of the device useless for high-poveeib-collector layer is chosen to beuin, to achieve a smaller
operation [16]. As a consequence, a high breakdown voltag@lector access/spreading resistance. The doping concentration
with low current density, which can be obtained by designing both the emitter cap layer and the sub-collector layerds<
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g 4x107em is Fig. 2. Layout considerations for SiGe power HBT design. (a) Compact
Q 16 layout in which all emitter fingers are bound together. This layout leads to
2 10 high temperature rise in the center area. (b) Significant voltage drop for many
o . , finger devices due to the high spreading collector resistance. (c) Noncompact

0 400 800 1200 1608 layout with two emitter fingers bound together in a subcell. Collector spreading
DEPTH (nm) resistance is reduced and thermal effects are suppressed to an acceptable level.

(b)
Fig. 1. (a) SiGe/Si double-heterostructure HBT design. (b) Measured Sll\ﬁ!ggersf with narrow finger spacing are boiund together. This con-
profile in a CVD-grown device. figuration can reduce thermal effects without increasifgs,

but with the extra advantage of decreased collector spreading
resistance. The scheme is illustrated in Fig. 2. The emitter pa-
r?ameters need to be carefully chosen and, in our case, the finger
width is 2um, finger length is 3@:m, the finger spacing is2m,

and there are two fingers in each subcell. The subcell spacing
B. Lateral Layout Design Consideration was designed to be 10m, leading to a temperature increase

Layout has a significant influence on the performance of m\{\_/ithin the acceptable range. Collector metal is formed between

crowave power HBTS, as the output power and, more imposrl-’bce”S with an interdigitated configuration, in order to mini-

tantly, the suppression of thermal effects is dependent on ge the parasitic collector resistance. Our measurements have
lateral layout design. A multifinger emitter configuration is re>1oWn that, with the same number of fingers, an SiGe HBT with

%he layout of Fig. 2(c) exhibits better performance than that of

10'? cm~2, which is the upper limit that can be achieved wit
in situ doping during CVD growth.

quired for high current density, which also minimizes the la
eral current crowding effect at high bias levels. The number
emitter fingers, finger width, finger length, and finger spacin
need to be optimized for the multifinger configuration. A de*
tailed discussion of the parameter selection rules can be foundouble mesa-type HBTs were fabricated with standard
in [17]. A self-aligned base—emitter structure is widely used {dtoff and etching techniques. The fabrication process is
reduce the base access resistance. The emitter finger spadiitiated by evaporating Cr/Au (500/2008) on top of the
which is the width of the base metal in a self-aligned struevafers with standard lithography and liftoff techniques. The
ture, affects the total base resistance, as well as the base—patterned emitter metals serve as the self-aligned mask for base
lector junction capacitand€’sc ). Increasing the finger spacingexposure. To obtain a vertical sidewall, & 4%tated alignment

will increaseCp, which will adversely affect the.,., as ex- was used for emitter metal mask [18]. To reduce the undercut, a
pressedin (5). The advantage of a wide finger spacing is reduoetnbination of reactive ion etching (RIE) and wet etching with
thermal effects, which can significantly degrade the HBT pow&OH is used to expose the SiGe base layer. This is followed
performance [17]. A compromise can be made by dividing dlly base meta(Pt/Au = 200/1300A) deposition. The base

the emitter fingers into several subcells, in each of which severaésa is next formed by RIE etching with photoresist protection

i9- 2(a).

. Device Fabrication
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which few electrons can be injected into the base layer at very
low base—emitter bias values. The base current is increased and
can be larger than the collector current at low base—emitter bias.
Since it is usual to operate power HBTs at high base—emitter
bias levels, the nonideal base current has negligible effect.
An advantage arising from the small boron outdiffusion at the
emitter side is a better base ohmic contact.
Small-signalS-parameters were measured in the frequency
range of 2-40 GHz with an HP8510C network analyzer
in order to investigate the RF characteristics of the device.
Fig. 4(c) shows the power gain/j and maximum stable
gain (MSG)/maximum available gain (MAG) as a function of
frequency at a bias point dfy, = —77 mA andVeg = 7 V.
Fig. 3. Photomicrograph of a ten-finger common-base SiGe/Si HBT with ;I;]he unlla,teral power gaii/ at 8'_4 GHz is 12.6 dB. ngher
emitter area ofd ; = 780 xm? and interdigitated collector electrode metal. POWEr gain values at the operation frequency can be obtained
if the base doping level is increased, and the emitter finger

of the emitter—base area. The sub-collector layer is exposiifith and the undercut from wet etching are decreased. The
in this step and collector metéli/Pt/Au = 300/200/2000) Measuredfuax is 37 GHz and the gain drop of 12 dB/octave

is deposited. Individual devices are isolated by removing thgyond 27 GHz is due to the second pole generated by the high
extra sub-collector layer material around the devices whif@se—collector junction capacitance.

covering the active devices with a thick layer of photoresist. Ig
this step the high-resistivity substrate is also exposed. Device
passivation is achieved by the PECVD deposition pfi SiO, The power performance of the ten-finger common-base SiGe
at 200°C. This layer also serves as the dielectric layer for inteHBT was tested on wafer at 8.4 GHz using a single-tone Focus
connection metal deposition. Via-holes are then opened usMigrowave load—pull system under class-AB operation in
RIE and the evaporation and liftoff of thick interconnectiogontinuous wave (CW) mode. No special arrangement for heat
metals(Ti/Al/Ti/Au = 500/11 000/500/4008.) concludes the dissipation was employed in the measurements. The device

Large-Signal Performance

fabrication process. Fig. 3 shows the micrograph of a finish&¢s biased atpg = —1.176 V andVep = 8.1 V in order to
ten-finger common-base HBT. As shown in this figure, thBrovide class-AB operation, and the sou(ty = 0.64/178°)

emitter via-hole contacts increase the actual emitter area fréfd load(l';, = 0.71/85°) matching were optimized for
10 x 2 x 30 pm? to 780m?2. maximum output power. The measured output pow;,

gain, PAE, and collector efficieney.,, are plotted as a function

IIl. DEVICE PERFORMANCE of input power F,, in Fig. 5. The measured linear gain is

. 10.9 dB. At 1- and 3-dB gain compression, the RF output
A. DC and Small-Signal Performance power P, gg and P, yg are 21.5 (140 mW) and 23.5 dBm

Common-base devices show better high-frequency perf¢224 mW), respectively. The maximum PAE, i.e., 28.1%, is
mance than common-emitter devices with the same layoathieved at 4-dB gain compression with associated RF output
mainly because the physical separation of input port (emittg@dwer of 24.2 dBm (263 mW). The largest RF output power
and output port (collector) for a common-base configuratiqin saturation, gain drops to near unity) that the device can gen-
leads to a smaller value &f;». The following discussion will erate is as high as 26.3 dBm (430 mW, 0.55-mw# power
focus on the characteristics of ten-emitter-finger common-bagensity) and the maximum collector efficiency is 36.9% for
devices with emitter arealy = 780 um?. If the undercut P, = 20.2 dBm. These characteristics provide a benchmark
(estimated to be 0.2xm) from wet etching is taken into for large-signal performance of SiGe HBTs operating in the
account, the actual emitter area is §0@2. The common-base X -band. Higher PAE could be obtained if the measurement is
current—voltage characteristics are shown in Fig. 4(a). Frasptimized for highest PAE. No thermal or electrical instability
measurements on the same device in the common-emittgrs observed under these operating conditions. The thermal
configuration, a dc current gain of 31 is obtainedat, = 7V. stability is mainly ascribed to the high thermal conductivity of
The measure®Vcro is over 8 V andBVpo is about 24 V. the silicon substrate.

The high breakdown voltages are ascribed to the thick and
lightly doped collector layer. The forward Gummel plot was
also measured in common-emitter configuration and is shownAn accurate large-signal model is essential for the design of
in Fig. 4(b). The nonideal base current, which is frequentlyonlinear circuits, such as high-power amplifiers and oscilla-
observed in Si/SiGe/Si n—p—n type HBTs, mainly arises frotors. The conventional Gummel-Poon model serves as the basis
the fact that the base—emitter p—n junction does not coincideall modified versions, which may account for self-heating,
with the Si/SiGe heterojunction and can also be attributed tccallector delay, and breakdown. Incorporating thermal effects
small extent to the “cold” process induced unpassivated surfanto the large-signal model significantly complicates the mod-
states. The outdiffused boron dopant atoms lead to a parasdling procedure and the incorporation of thermal circuits often
energy barrier near the emitter—base junction, as a resultre$ults in a convergence problem during the harmonic-balance

IV. LARGE-SIGNAL MODELING
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Fig. 4. (a) Measured and modeled dc current-voltage characteristics of ten-finger common-base SiGe/Si HBT with emittégareda®b ¢ m?. (b) Gummel
plots measured in common-emitter configuration showing nonideal base current at low base—emitter bias. (c) Unilateral powaertdym8G/MAG measured
atlp = —77TmA andVeg = 7 V. The measured,,.x is 37 GHz.
40 ey 50 model is available in most commercial software, such as EES
p 15:0.64<178°, T : 0.71<85 ] of LIBRA, ADS, and HSPICE. The suitability of this model
30 [ f=8.4GHz M J a0 for SiGe HBT large-signal modeling can facilitate power-am-
- - col 4 e . . . . .
() V=81V plifier design with SiGe HBTs. Since Si has very good thermal
= V_ =1.176V ] m conductivity, the thermal effects of SiGe HBTs can be min-
- s EB 30 = . . . . .
G 20 ] @ imized with specially designed layout and heterostructure, as
£ [ ] % discussed in Section Il. Our attempt in using the conventional
o, [ 120 < Gummel-Poon model, which accounts for the Early and Kirk
~3 0 1 & effects, but does not include thermal circuits, to model the ten-
a’ 1 110 finger common-base power HBTs described in Section Il has
ol ] yielded good agreement between simulated and measured dc
r ] 0 characteristics and small-signgétparameters. In addition, the
5 0 5 10 15 20 25 accuracy of the large-signal model has been validated with the
P_(dBm) measurement of HBT power performance, which shows the pos-
" sibility of using this model for power-amplifier designs.
Fig.5. Measured output powét,,.;, gain, PAE, and collector efficienay.,; For modeling purposes, the dc and small-sigialarameters

as a function of input poweP,,, at 8.4 GHz for a ten-fingefAz = 780 pm?)
common-base SiGe HBT biased for class-AB operafigis(= —1.176 V and

Vos = 8.1V) under CW conditions. The sour¢€ s = 0.642178°) and load

of the fabricated ten-finger CB HBTs were measured in a wide
range of bias values. From the measured forward and reverse

(I'y, = 0.71£85°) matching are optimized for high output power. The Ompubummel plots, relevant dc model parameters (IS, ISE, ISC, IKF,

power is 24.2 dBm with concurrent gain of 6.9 dB and 28.1% PAE. Maximu

P, is 26.3 dBm and maximumg.y; is 36.9%.

rInKR, BF, BR, NF, NE, NR, NC, NKF, RE, RB, RC) were first
extracted using the optimization capabilities of HSPICE. The ac

analysis. On the other hand, the conventional Gummel-Pomoedel parameters such as capacitances and transit times were
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Gummel-Poon Large-Signal Model Parameters

Para- | e Para- | e Para- Value

meter meter meter
IS |206e-12A | RB 3Q vJs 0.75V
BF 52 RE 35Q EG 1.iteV
NF 1.09 RC 479 XTi 3
VAF 177V CJE 1e-12 F FC 0.5
IKF 05A VJE 075V NK 0.5
ISE_ | 2.02e-5 A | MJE 0.33 TNOM 300 K
NE 6.53 TF 5.9e-12 s [ 8e-12 H
BR 7.3e-6 CJC | 1.29¢-12F L, 3e-11 H
NR 1.54 vJC 04V L. 3e-11 H
ISC | 1.25e-9A | MJC 0.5 C, 9e-14 F
NC 3.91 XCJC 0.35 C,, 3e-14 F

Frequency 2.0 to 28.0 GHz

Fig. 6. Complete Gummel-Poon model for ten-emitter fingers common-base

SiGe power HBT with values of the device parameters and parasitics used infii@ 7.

Modeled and measured small-sigrfaddiparameters of ten-finger

model. common-base Si/SiGe/Si HBT &t = —77 mA andVeg = 7 V from 2 to
26 GHz.

next extracted following the procedures described by Pedtike 30 — i i i }
al. [19]. Th(_a parasitic elements, suchhg, Lg, ar_1ch were -——— predicted by G-P model
also taken into account. The value of the capacitance of the in: !

. . . - —8— measured -
terconnect pads was first extracted and this value was confirme: F
by S-parameter measurements of adummy pad frame. These pi [
rameters, along with the dc model parameters, were further opti E 201 ]
mized in HP EES of LIBRA by fitting the measurédparame- T i
ters at various biases and in a frequency range of 2-26 GHz. Th n_'é 15 - [ 0.64<1 78°, r:0.71 <85°
Gummel-Poon model with the values of the model parameters =8.4GHz 1
arelisted in Fig. 6. From the modeling, it was found that the Early 10k V=81V ]
and Kirk effects are related to each other, particularly at high bias VvV =1.176V ]
levels. Forthe HBT described in Section Ill, alarge Early voltage L]
is expected from its high base doping level (220'° cm™3) -5 0 5 10 15 20 25
and low collector doping leve{~4 x 10'° cm~3) since the P, (dBm)

base-width modulation by the collector—base biag is very

small. However, this point is only valid at low bias levels. Whehig. 8. Predicted from Gummel-Poon model and measured output power of
the HBT is biased at higher levels, the base push out due to N 'fg‘ggafé’en;?i"g%iefl"gﬁ‘zfé'T;L?;LaSn[it;‘ilgg'?fﬁ;g‘mi;“;‘gjr the
effect will create an extended base region. The width of this esame bias conditiond%s = —1.176 V andVep = 8.1 V).

tended base region can be much larger than the original SiGe

base region, but the hole concentration in this region is very l@mtire measurement range. The discrepancy between the model
and, hence, the modulation of this extended base by the biaansl measurement atthe I3 and high/- region is due to the
significant. As a result, at very high bias levels, which are tygimplicity of the Gummel-Poon model. Fig. 7 shows the mea-
ical of high-power operation, the Early voltage is significantlgured and simulated small-sigri&iparameters for the optimum
reduced. The reduction of Early voltage occurs as long as thgerating point{z = —77 mA, Vgg = 7 V). Again, fairly

Kirk effect takes place and the manifestation of the reductiongeod agreement is observed and larger discrepancy.fois

a steep rise of collector current at highg, bias values in a mea- still due to the simplicity of the Gummel-Poon model. Sifge

sured current—voltage curve in common-emitter configuratiofi,...., and stability factors are directly derived frofaparame-

This steep rise of collector current is a phenomenon that is diérs, good agreements can also be expected for these parameters.
ferent from the sudden increase of collector current due to bredio- further validate the accuracy of the large-signal model, the
down. Considering the high bias levels in large-signal operatipower performance predicted by the model was compared with
of the device, the5-parameter fitting is particularly optimizedthe measured power data under the same impedance matching
at relatively high bias points in this modeling. The modeled dand bias conditions. This is shown in Fig. 8 and again excellent
characteristics are also plotted in Fig. 4(a) along with the meagreement is achieved. Other power performance parameters,
sured data for comparison. The agreement is good for almost sueh as PAE and power gain, can also be accurately predicted
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as they are directly related to output pow#y,;. The fair accu-
racy and suitability of the conventional Gummel-Poon model is
mainly ascribed to the device design, in which thermal effectg;
are minimized with a noncompact layout and a lightly doped
collector, and consideration of the Early and Kirk effects. In
the future, modified Gummel-Poon models will be developed to
take into account other effects associated with these SiGe-based
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